Lysophosphatidic acid (LPA) is a lipid mediator that mediates cellular effects via G protein-coupled receptors (GPCRs). Epidermal growth factor (EGF) is a peptide that acts via a receptor tyrosine kinase. LPA and EGF both induce proliferation of prostate cancer cells and can transactivate each other's receptors. The LPA receptor LPA 1 is particularly important for LPA response in human prostate cancer cells. Previous work in our laboratory has demonstrated that free fatty acid 4 (FFA4), a GPCR activated by v-3 fatty acids, inhibits responses to both LPA and EGF in these cells. One potential mechanism for the inhibition involves negative interactions between FFA4 and LPA 1 , thereby suppressing responses to EGF that require LPA 1 . In the current study, we examined the role of LPA 1 in mediating EGF and FFA4 agonist responses in two human prostate cancer cell lines, DU145 and PC-3. The results show that an LPA 1 -selective antagonist inhibits proliferation and migration to both LPA and EGF. Knockdown of LPA 1 expression, using silencing RNA, blocks responses to LPA and significantly inhibits responses to EGF. The partial response to EGF that is observed after LPA 1 knockdown is not inhibited by FFA4 agonists. Finally, the role of arrestin-3, a GPCRbinding protein that mediates many actions of activated GPCRs, was tested. Knockdown of arrestin-3 completely inhibits responses to both LPA and EGF in prostate cancer cells. Taken together, these results suggest that LPA 1 plays a critical role in EGF responses and that FFA4 agonists inhibit proliferation by suppressing positive cross-talk between LPA 1 and the EGF receptor.
Introduction
Cross-talk between cell membrane receptors can take many forms, from heterologous desensitization (negative cross-talk) to transactivation (positive cross-talk). Our group previously demonstrated that bidirectional positive cross-talk occurs between G protein-coupled receptors (GPCRs) for lysophosphatidic acid (LPA) and receptor tyrosine kinase receptors (RTKs) for epidermal growth factor (EGF) in ovarian cancer cells (Snider et al., 2010) . These interactions were initially attributed to the widely demonstrated transactivation of the EGF receptor (EGFR) by LPA (e.g., Kue et al., 2002; Zhao et al., 2006) , as well as to transactivation of LPA receptors (LPARs) via EGF-mediated generation of LPA (Snider et al., 2010) ; however, the mechanism(s) have not been fully elucidated. We have also reported that LPA antagonists suppress responses to both LPA and EGF in prostate cancer (Liu et al., 2015) and breast cancer cell lines.
In a recent study, we showed that agonists for free fatty acid receptor 4 (FFA4) inhibit responses to both LPA and EGF in prostate cancer cells (Liu et al., 2015) . In other words, negative cross-talk occurs between FFA4 and receptors for LPA and/or EGF. Agonists for FFA4 include the dietary v-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Similar findings were reported by our group for breast cancer, although in this case the receptor implicated was FFA1, another member of the free fatty acid receptor (FFAR) family . The profound inhibitory effects of FFAR agonists on cancer cell proliferation and migration suggest that FFA1 and FFA4 are potential therapeutic targets for cancer prevention or therapy . These findings prompted us to examine negative receptor cross-talk in more detail. The current study explores the mechanisms underlying the inhibitory effects of FFAR agonists on growth factor-induced proliferation and migration.
The observation that FFA4 agonists inhibit responses to both LPA and EGF raised the hypothesis that FFA4 might be inhibiting EGF action indirectly via an LPAR. In the current study, we therefore explored the requirement of the EGFR for an LPAR (positive cross-talk). Our hypothesis regarding FFA4 action (negative cross-talk) is based in part on the known ability of GPCRs to inhibit the activation of other GPCRs. Of the LPA receptors, LPA 1 has been particularly implicated in LPA-mediated proliferation in prostate cancer cells (Guo et al., 2006; Gibbs et al., 2009) . Since LPA antagonists inhibit EGF response in prostate cancer cells (Liu et al., 2015) , FFARmediated negative cross-talk with an LPA receptor could likewise interfere with EGF actions.
In general, the mechanisms of heterologous desensitization of GPCRs are poorly understood. There are several hypotheses, the most prevalent of which is that downstream signaling by the activated GPCR causes conformational changes in the unoccupied heterologous receptor (Bektas et al., 2005; Kelly et al., 2008) . Another mechanism of desensitization involves GPCR heterodimerization since GPCRs can form both homodimers and heterodimers (Milligan, 2004) . With respect to positive cross-talk, LPA receptors can interact with the EGFR, a RTK (Liebmann and Bohmer, 2000; Bektas et al., 2005) . GPCR-EGFR positive modulation has been noted in many systems and is of particular interest with respect to cancer progression (Bhola and Grandis, 2008) . This has been a continuing topic for research as more detailed mechanistic explanations are sought (Pyne and Pyne, 2011; George et al., 2013) .
FFA4 can signal through G q/11 and/or arrestin-3 (b-arrestin-2). The pathway that is activated depends on several factors, including the cell type, agonist, and FFA4 phosphorylation patterns (Magalhaes et al., 2012; Luttrell, 2013; Alghamdi et al., 2014; Prihandoko et al., 2016) . Although arrestin-3 is not the only GPCR effector potentially involved, a prior study strongly implicates this particular arrestin in inhibitory responses mediated by both FFA4 and FFA1 (Yan et al., 2013) . Moreover, arrestin-3 is involved in transactivation of the EGFR in response to various GPCRs (Tilley et al., 2009; Esposito et al., 2011; Salazar et al., 2014) . Thus, arrestin-3 may be involved in both positive and negative GPCR-EGFR cross-talk.
In this study, we focused first on the role of LPA 1 in EGFinduced proliferation and migration in human prostate cancer cells and then tested whether LPA 1 is required for the inhibitory effects of FFA4 agonists. Finally, we explored the role of arrestin-3 in responses to LPA and EGF.
Materials and Methods

Materials
EPA (prepared in ethanol) was from Cayman Chemical (Ann Arbor, MI). -2-yl)methoxy]-benzenepropanoic acid, prepared in DMSO) was from Millipore (Billerica, MA). AM966 (2-[4-[4-[4- 
phenyl]acetic acid) was purchased predissolved in dimethylsulfoxide (DMSO) from MedChem Express (Monmouth Junction, NJ). Ki16425 (3-[[[4-[4-[[[1-(2-chlorophenyl) (Birmingham, AL) and was delivered to cells as a 1000Â stock solution prepared in 4 mg/ml fatty acid-free bovine serum albumin. Vehicle controls for LPA had a final concentration of 4 mg/ml bovine serum albumin. EGF was from Sigma (St. Louis, MO). Anti-LPA 1 (EPR9710) and anti-arrestin-3 (ab54790) were purchased from Abcam (Cambridge, MA) and used at 1:1000 dilutions. Anti-actin, obtained from BD Transduction Laboratories (Lexington, KY) (lot no. 51711), was used at a 1:5000 dilution. Goat anti-rabbit secondary antibody (lot no. 083M4752) was purchased from Sigma and used at 1:20,000 dilution, whereas goat antimouse secondary antibody (lot no. 1124907A) was purchased from Invitrogen/Life Technologies (Grand Island, NY) and used at a 1:5000 dilution.
Cell Culture DU145 and PC-3 cells were obtained from the American Type Culture Collection (Manassas, VA). The cells were grown in RPMI 1640 medium with 10% fetal bovine serum (FBS) (Hyclone/ThermoFisher Scientific, Waltham, MA). Both cell lines were grown in an incubator at 37°C in 5% CO 2 on standard tissue culture plastic.
Cell Proliferation Assays
Cells were seeded in six-well plates at 3 Â 10 5 cells/well in serumcontaining medium. After 1 day, the medium was changed to RPMI 1640 without serum. On the next day, the medium was changed to RPMI 1640 with 10% FBS, 10 mM LPA, or 10 nM EGF, in the absence or presence of 100 nM AM966, 10 mM Ki16425, 20 mM EPA, or 1 mM TUG-891. Control cells were incubated with the appropriate vehicle (0.03% ethanol, v/v). Duplicate wells were prepared for each experimental condition. Cell numbers were evaluated after 24, 48, and 72 hours by removing medium, incubating cells with trypsin/EDTA for 5 minutes, adding trypan blue, and counting the suspended live cells (excluding trypan blue) using a hemacytometer.
Cell Migration Assays. Cell migration was assessed using a modified Boyden chamber method, as previously described (Liu et al., 2015) . Cells were serum starved for 24 hours and then seeded in serum-free medium at 2.5 Â 10 4 cells per insert in the upper chambers of 8-mm transwell inserts (BD Biosciences, San Jose, CA). Cells were then treated with 10% FBS, 100 nM AM966, 20 mM EPA, 1 mM TUG-891, 10 mM LPA, or 10 nM EGF, either alone or in combination. Serum-free medium was added to the lower wells. After a 6-hour migration period, the insert membranes were fixed and stained using methanol and crystal violet. Cells that invaded the lower chambers were counted using light microscopy.
Immunoblotting. Cells were rinsed twice with ice-cold phosphatebuffered saline, harvested by scraping into 1 ml ice-cold phosphatebuffered saline, collected by centrifugation at 10,000xg for 10 minutes at 4°C, and resuspended in ice-cold lysis buffer (20 mM HEPES 
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[pH 7.4]), 1% Triton X-100, 50 mM NaCl, 2 mM EGTA, 5 mM b2glycerophosphate, 30 mM sodium pyrophosphate, 100 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin). Insoluble debris was removed after centrifugation. Whole-cell extracts containing equal amounts of protein (30 mg) were separated by SDS-PAGE on 10% Laemmli gels, transferred to nitrocellulose, and incubated with primary (overnight at 4°C) and then secondary (one to two hours at room temperature) antibodies. Blots were developed using enhanced chemiluminescence reagents (GE Healthcare, Little Chalfont, UK), and imaged using a Gel Doc system (BioRad Laboratories, Hercules, CA). Protein expression was quantified by densitometry using Quantity One software (Bio-Rad). Results were normalized to the actin loading control, and then to the value obtained for untreated control cells.
RNA Interference. Predesigned human Silencer Select siRNA specific to LPA 1 (no. 4050) and human Stealth siRNA specific to arrestin-3 (no. 28129220) were purchased from Life Technologies (Grand Island, NY), along with Opti-MEM reduced serum medium and LipofectAMINE 3000 reagent. The siRNA was resuspended in RNase-free water at a final concentration of 60 mM and stored at 220°C. AllStars Negative Control siRNA oligos were purchased from Qiagen (Hilden, Germany) and were used for all negative controls. According to the manufacturer's directions for RNAi transfections, cells were plated in 1.7 ml of medium per well in RPMI medium plus 10% FBS without antibiotics in six-well plates AM966 and Ki16425 alone had no significant effect on cell numbers at any of the time points tested (shown for 72 hours). Each data point represents the mean 6 S.E.M. (n $ 4) of values from at least two separate experiments. ****P , 0.0001; **P , 0.01; *P , 0.05 versus control;^^^^P , 0.0001 versus control or EGF. Data were analyzed using two-way ANOVA, followed by Tukey's multiple comparisons test. one day before transfection. At the time of transfection, cells were approximately 50% confluent. For each transfection, two mixtures were prepared: 1) duplex siRNA added to 150 ml Opti-MEM, and 2) 4 ml of LipofectAMINE 3000 added to 150 ml Opti-MEM. The two solutions were gently mixed and then incubated at room temperature for 5 minutes. Final concentrations of siRNA were 100 nM and 250 nM for LPA 1 and arrestin-3, respectively. The mixtures were added to each well and cells were cultured for an additional 24-72 hours. For LPA-and EGF-treated cells, the same procedure was followed, except cells were seeded in six-well plates 2 days before transfection and serum starved overnight the day before transfection.
Statistical Analysis
Data were analyzed by two-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. The only exceptions were assays in which there was only one time point (e.g., migration assays); these data were analyzed by one-way ANOVA followed by Tukey's multiple comparisons test. All analyses were done using Prism software (Graphpad, San Diego, CA).
Results
Effects of LPA 1 Inhibition on Prostate Cancer Cell Proliferation. Previous studies in our laboratory have shown that several LPA receptors, including LPA 1 , are expressed in prostate cancer cell lines (Gibbs et al., 2009 ) and that LPA antagonists can interfere with LPA-induced proliferation in these cells (Liu et al., 2015) . We selected two LPA receptor pharmacologic antagonists to further study the role of LPA 1 in EGF response. The first drug, Ki16425, is a selective inhibitor of LPA 1 and LPA 3 (Ohta et al., 2003) that we have used in previous studies of prostate cancer cells (Liu et al., 2015) . The second agent, AM966, is an LPA 1 -selective antagonist (Swaney et al., 2010) . Dose-response studies were performed on DU145 and PC-3 cells in a 48-hour proliferation assay to establish appropriate drug concentrations. Figure 1 shows that Ki16425 inhibited LPA-induced proliferation in DU145 with an IC 50 of 966 nM, and in PC-3 cells with an IC 50 of 900 nM. The LPA 1 -selective antagonist AM966 also inhibited proliferation in response to LPA, with an IC 50 of 13 nM in DU145 and 16 nM in PC-3.
Next, we investigated whether the effects of LPA antagonists extend to EGF-induced proliferation (Fig. 2) . In addition, the effects of the FFA4 agonists EPA and TUG-891, in the absence and presence of LPAR antagonists, were tested on proliferation induced by LPA or EGF. Both DU145 and PC-3 cells were used in this series of experiments. Panels A and B of Fig. 2 show the time course of proliferation in both cell lines. As shown previously, cell number did not decrease over the course of 72 hours for control cells maintained without serum, indicating that cell death was not influencing the results of the assay. LPA and EGF stimulated proliferation to similar extents, as evidenced by the increase in cell numbers. Panels C-F present the results from the 72-hour time point so that all experimental controls can be presented in the same panels. FFAR agonists and LPA antagonists had no effect on proliferation when added alone. The LPAR antagonists (10 mM Ki16425; 100 nM AM966) blocked LPA-induced proliferation in both cell lines, as expected. Each LPAR antagonist partially inhibited EGF-induced proliferation (45%-60% inhibition), to a significant extent (P , 0.0001). These results extend our previously published results (separate experiments) for DU145 cells (Liu et al., 2015) to now include PC-3 cells. LPAR antagonists eliminated the inhibitory effects of FFAR agonists on EGF-induced proliferation, in both cell lines.
Effects of LPA 1 Inhibition on Prostate Cancer Cell Migration. We next evaluated the effects of LPA 1 antagonists on cell migration. We used the LPA 1 -selective antagonist AM966 for these experiments. As shown in Fig. 3 , both EGF and LPA stimulated migration in a chemokinetic assay, to a lesser extent than the positive control (10% FBS). This finding is consistent with results reported previously (Liu et al., 2015) . AM966 (100 nM) blocked LPA-induced migration. In addition, AM966 partially inhibited EGF-induced migration (42% inhibition in DU145; 46% inhibition in PC-3). In both cell lines, the residual EGF response was significantly different from both the control and from EGF alone. The FFA4 agonists EPA and TUG-891 inhibited migration in response to either LPA or EGF in both cell lines, as reported previously (Liu et al., 2015) . Similar to the proliferation results (Fig. 2) , the LPA 1 antagonist blocked the inhibitory effects of EPA and TUG-891 on migration induced by EGF in both DU145 (Fig. 3A) and PC-3 (Fig. 3B) . Fig. 3 . Effects of LPAR agonists on human prostate cancer cell migration. Serum-starved DU145 (A) and PC-3 (B) cells were treated with 100 nM AM966, 20 mM EPA, 1 mM TUG-891, 10 mM LPA, or 10 nM EGF, either alone or in combination. After a 6-hour migration period, cells were analyzed as described in Materials and Methods. Each bar represents the mean 6 S.E.M. (n = 4) of values obtained from two separate experiments, each of which was performed using separate replicate wells of cells. ****P , 0.0001; ***P , 0.001; **P , 0.01 versus control;^^P , 0.01;^P , 0.05 versus EGF). Data were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test.
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Effects of LPA 1 Knockdown on Human Prostate Cancer Cell Proliferation. As another approach to test whether LPA 1 is required for the effects of FFA4 agonists, siRNA was used to inhibit LPA 1 expression in human prostate cancer cells. The siRNA treatment was quite effective, with LPA 1 knockdown detected by 48 hours after transfection in DU145 cells (Fig. 4) . This effect was maintained for at least 96 hours, as quantified in the table within Fig. 4 .
Next, we tested whether FFAR agonists can inhibit LPA-or EGF-induced proliferation in cells deficient in LPA 1 (Fig. 5) . In these experiments, LPA or EGF was added 24 hours after siRNA treatment. As shown in Fig. 5, A and B, LPA 1 knockdown alone had no effect on cell number in serumstarved DU145 or PC-3 cells in the absence of LPA or EGF and thus did not affect basal proliferation over a 72-hour time course; however, there was no response to LPA in either cell line after LPA 1 knockdown. LPA 1 knockdown only partially inhibited EGF-induced proliferation, consistent with the partial effects of LPA antagonists as shown earlier in Fig. 2 . The results presented in Fig. 5, C and D, also demonstrate that FFA4 agonists significantly inhibited LPA-induced proliferation at 48 hours in DU145 and PC-3 cells treated with scrambled siRNA (negative control) but had no additional effect on cell number in cells treated with LPA 1 siRNA. We tested the effects of the FFA4 agonists EPA and TUG-891 on EGF-induced proliferation in the absence and presence of LPA 1 . The EGF response remaining after LPA 1 knockdown was refractory to inhibition by both EPA and TUG-891.
Effects of Arrestin-3 Knockdown on Human Prostate Cancer Cell Proliferation. We next investigated whether an arrestin-mediated signaling pathway mediates the action of FFA4, as well as cross-talk between LPA 1 and the EGFR. Human FFA4 exists in two alternatively spliced isoforms; both can signal through the arrestin pathway, but only one signals directly through G proteins (Hudson et al., 2013) . Although both arrestin-2 and arrestin-3 are expressed in prostate cancer cells (Zhang et al., 2011) , FFA4 is likely signaling through arrestin-3, with which it interacts strongly (reviewed in . We therefore proceeded to perform knockdown of arrestin-3 and then test for effects of FFA4 agonists and growth factors. Figure 6 illustrates successful knockdown of arrestin-3 in DU145 cells using siRNA. The knockdown persisted at greater than 50% through 96 hours after transfection. The effects of arrestin-3 knockdown on prostate cancer cell proliferation and migration were then examined (Fig. 7) . After arrestin-3 knockdown, neither LPA nor EGF significantly increased proliferation in either DU145 or PC-3 cells. These results made it unfeasible to use the knockdown approach to discern the role of arrestin-3 in the response to FFA4 agonists; however, there was a slight, but not statistically significant, proliferation response to LPA and EGF after arrestin-3 knockdown. EPA and TUG-891 did not further inhibit this residual response, suggesting that FFA4 also signals through arrestin-3. Additional experiments will be required to determine whether FFA4 activation inhibits growth factor responses in an arrestin-dependent manner. Nonetheless, an important conclusion drawn from this experiment is that arrestin-3 is critical for the actions of both LPA and EGF and is thus likely to participate in both positive and negative cross-talk between GPCRs and the EGFR.
Effects of Arrestin-3 Knockdown on Human Prostate Cancer Cell Migration. We next tested the role of arrestin-3 in prostate cancer cell migration (Fig. 8) . Unlike the situation for proliferation (Fig. 7) , there was complete inhibition of the migration response to LPA and EGF in both DU145 and PC-3 cells, with no detectable residual response, when arrestin-3 was knocked down. These results underscore the importance of arrestin-3 in both LPA-and EGF-induced signaling.
Discussion
In this study, we explored the mechanism by which FFA4 activation causes inhibition of LPA-and EGF-mediated proliferation and migration in prostate cancer cells. The Densitometric analysis of the results of two separate experiments was performed using Quantity One software. The percent knockdown (KD) was calculated after quantification by densitometry, comparison with the Scr control for the same time point, and normalization to actin (n = 2). inhibition could be accomplished by either FFAR inhibiting LPAR(s), and thereby the EGFR, or by FFAR directly inhibiting both LPAR(s) and the EGFR. In our studies, we show that LPA 1 inhibition and knockdown inhibit LPAmediated proliferation and migration but also partially inhibit EGF-mediated proliferation and migration. The FFA4 agonists EPA and TUG-891 have no further effect on EGF-mediated signaling when LPA 1 is unavailable. This result suggests that FFA4 activation acts indirectly on EGF-mediated signaling via effects on LPA 1 . We have therefore determined that the first scenario, in which FFA4 activation directly inhibits LPAmediated signaling and thereby indirectly inhibits EGFmediated signaling through LPA 1 , is most likely (Fig. 9) .
The possibility remains that FFA4 activation inhibits LPA and EGF signaling through a downstream response pathway (e.g., protein phosphorylation) that is initiated by a second messenger produced via G-protein activation; however, based on our previous work with prostate cancer cells (Liu et al., 2015) , the magnitude of the inhibition, the inhibition of multiple LPA-mediated downstream signaling pathways, the consistency of the inhibition in two different cell lines, and the duration of the inhibitory response, argue against this interpretation (Liu et al., 2015) .
Our data confirm that LPA 1 plays a critical role in EGFinduced proliferation in prostate cancer cells, despite the fact that DU145 and PC-3 cells also express LPA 2 , LPA 3 , and other LPA receptors. Literature in the field (e.g., Daaka, 2002) suggests that LPA 1 is uniquely involved in facilitating EGFR response, but the mechanistic basis for this unique role has not yet been elucidated.
With respect to the roles of FFARs, three previous studies have shown that v-3 fatty acids and other FFAR agonists can inhibit LPA signaling (Kim et al., 2014; Liu et al., 2015; . In our previous study, we showed that these effects were mediated via FFA4, and not an LPAR, through the following experiments: 1) both v-3 fatty acids and two different synthetic FFAR agonists (not fatty acids) had similar effects, and 2) FFA4 knockdown eliminated the inhibitory effects of FFAR agonists. There are several mechanisms by which FFA4 agonists may inhibit signaling through LPA 1 . First, agonist-bound FFA4 and LPA 1 may heterodimerize in a manner that inhibits LPA 1 action. It is well documented that GPCRs can form oligomers (Szidonya et al., 2008; Palczewski, 2010; Gonzalez-Maeso, 2011; Ferre et al., 2014) , so it is plausible that this may be the case for FFA4 and LPA 1 . LPA 1 has previously been shown to heterodimerize with sphingosine-1-phosphate receptors, other LPA receptors, and other GPCRs, as well as to form homodimers with itself (Zaslavsky et al., 2006) . Second, FFA4 and LPA 1 may participate in negative cross-talk via desensitization. This can occur through a variety of different signaling pathways, such as protein kinase C activation (Kelly et al., 2008; Delom and Fessart, 2011) ; however, this explanation does not seem particularly plausible given the duration of the inhibitory effect, its magnitude, and the fact that similar inhibition was observed in two different cell lines. A third alternative is that FFA4 and LPA 1 compete for a pool of arrestin-3. For example, if FFA4 prevents LPA 1 from interacting with arrestin-3, it can conceivably cause loss of response to LPA, since our data show that LPA 1 response is dependent on arrestin-3.
As shown in Figs. 2, 3 , and 5, EGF action is significantly, but only partially, inhibited when LPA 1 is inhibited or knocked down. There are several mechanisms by which LPA 1 may participate positively in EGFR response. It is well documented that LPA can transactivate the EGFR in prostate cancer cells (Daaka, 2002; Kue et al., 2002; Bektas et al., 2005) , as well as in other cell types (Snider et al., 2010; Cattaneo et al., 2014) . Although the LPA receptors have been called the "'masters' of (n = 4) of values from two separate experiments, each of which was performed using separate replicate wells of cells. ****P , 0.0001 indicates values that were significantly different from control (two-way ANOVA followed by Tukey's multiple comparisons test).
EGFRs" (Daaka, 2002) , they are not the only GPCRs that can positively modulate the EGFR (Cattaneo et al., 2014) . For example, it was recently reported that growth hormonereleasing hormone receptors transactivate EGFR and HER2 in PC-3 cells (Munoz-Moreno et al., 2014) . However, the type of positive modulation observed in the current study, in which LPA 1 is required for response to exogenous EGF, is distinct from the type that requires the release of EGFR ligands. The fact that LPA antagonists and LPA 1 knockdown only partially block EGF response suggests that additional receptors can serve as "partners" to support EGFR activity in human prostate cancer cells.
Our group recently published the results of a related study concerning the dependence of EGF response on LPA receptors in breast cancer cell lines . In breast cancer cells, LPA antagonists and FFAR agonists likewise inhibited proliferation in response to LPA or EGF; however, as there was no significant residual response to EGF in the presence of LPA antagonists in these cells, we were unable to test whether the inhibition of EGF response in the presence of FFAR agonists was dependent or independent of LPARs. In the breast cancer study, we did not use knockdown approaches to test roles for LPARs or arrestin-3.
Ligand-dependent EGFR transactivation is generally thought to involve matrix metalloproteinase activation that in turn causes shedding of heparin-binding EGF (Cattaneo et al., 2014) . In the studies reported herein, in which a maximal dose of exogenous EGF was added directly to the cells, transactivation mediated by release of EGFR ligands should not play a significant role in overall EGF response. A second mechanism, ligand-independent EGFR transactivation, can transpire when a ligand-bound GPCR activates EGFR intracellularly via a second messenger or effector (e.g., ROS, Ca 21 , Src, arrestin). This causes rapid tyrosine phosphorylation of the EGFR (Audigier et al., 2013) . A third mechanism of EGFR transactivation involves oligomerization of GPCR(s) and EGFR (Auigier et al., 2013; Cattaneo et al., 2014; Sur and Agarwal, 2014) . A commonly cited example of GPCR-EGFR oligomerization is the heterodimerization of the b 2 -adrenergic receptor with EGFR, which results in EGFR transactivation (Audigier et al., 2013) . This oligomerization is dependent on arrestin-3 recruitment, as is the case for some other GPCR-EGFR oligomers. Previous reports have indicated that GPCRs can physically associate with tyrosine kinase receptors (Moughal et al., 2006; Chung and Walker, 2007) and that EGFR can phosphorylate GRK2 (a GPCR kinase) (Chen et al., 2008) . As reviewed by Berasain and colleagues (2011) , GPCRs can both positively and negatively regulate the EGFR through mechanisms that do not involve shedding of EGFR ligands. This type of mechanism is most likely involved in the requirement for LPA 1 in EGF response, as observed in the current study.
It is interesting to note that, although FFA4 agonists completely inhibit EGF response in human prostate cancer cells, the residual response to EGF that is seen after LPA 1 inhibition or knockdown is not inhibited by FFA4 agonists. This result suggests that, in the absence of LPA 1 , the EGFR is able to interact with other partners that are not susceptible to Fig. 8 . Effects of arrestin-3 knockdown on human prostate cancer cell migration. Serum-starved DU145 (A) and PC-3 (B) cells were incubated with scrambled siRNA ("Scr") or arrestin-3 siRNA (Arr3 KD) as described in Materials and Methods. Forty-eight hours post-transfection, cells were treated with and without 20 mM EPA or 1 mM TUG-891 and then with 10 mM LPA or 10 nM EGF. Data points represent the mean 6 S.E.M. (n = 4) of values from two separate experiments, each of which was performed using separate replicate wells of cells. Asterisks indicate values that were significantly different from control (one-way ANOVA followed by Tukey's multiple comparisons test) from the control. Fig. 9 . Effects of FFA4 activation on LPAR activation and growth factor cross-talk. FFA4 activation by an FFA4 agonist (e.g., EPA, TUG-891) inhibits LPA 1 -mediated signaling. Activation of LPA 1 , is required for EGF-mediated proliferation and migration. Arrestin-3 interacts with both FFA4 and LPA 1 and is required for responses to LPA and EGF; however, the role of arrestin-3 in receptor cross-talk remains to be elucidated. FFA4 inhibition. An alternative explanation for the residual partial response is that there is enhanced diversification of the initial signal between ErbB family receptors when LPA 1 is not available to enhance the signal. The ErbB family members interact in ways that often enhance signaling between the four receptors (Yarden and Sliwkowski, 2001; Normanno et al., 2006) . One of these mechanisms, or a combination of them, is likely responsible for the partial EGF response observed when LPA 1 is unavailable.
Our results have established that FFA4 activation inhibits LPA 1 -mediated signaling and the crosstalk between LPA 1 and the EGFR, also rendering EGFR-mediated proliferation and migration inactive. Our results show that arrestin-3 knockdown completely inhibits LPA-and EGF-induced proliferation and migration (Fig. 8) . This result indicates that EGFR response is dependent on arrestin-3. We therefore hypothesize that arrestin-3 mediates the inhibitory effects of FFA4. Since: 1) FFA4 is known to signal through arrestin-3, 2) EGFR is dependent on LPA 1 , and 3) both LPA1 and EGFR are dependent on arrestin-3, a negative modulatory effect of FFARarrestin-3 on LPA 1 could explain the observed inhibition of EGF response.
Other groups have previously reported that arrestins, and particularly arrestin-3, play crucial roles in GPCR-mediated signaling relevant to proliferation, such as Erk activation (Ahn et al., 2003; Rajagopal et al., 2010) . Arrestin-2 (b-arrestin-1) has been shown to be necessary for transactivation of the EGFR by prostaglandin E 2 in colorectal carcinoma (Buchanan et al., 2006) . Silencing of arrestin-3 has been reported to decrease cell migration and invasion in some cell types, including human breast cancer cells (Li et al., 2009; Rajagopal et al., 2010; Alemayehu et al., 2013 ). In the current study, the complete inhibition of LPA response in the absence of arrestin-3 was somewhat surprising, since pertussis toxin (an inhibitor of G i/o protein signaling) also blocks LPA action in these cells (Guo et al., 2006) . The complete inhibition of EGF response by arrestin-3 knockdown, as observed in our study, was unexpected. In the most pertinent published example, Miyatake and colleagues (2009) examined the inhibitory effects of a GPCR (m-opioid receptor) on EGF signaling. Similar to the results reported herein, these authors found that arrestin-3 was required for signaling by exogenous EGF. A molecular mechanism has not yet been established for this effect.
Association of arrestin-3 and the EGFR can occur in either a ligand-dependent or -independent manner and is proposed to play a functional role in GPCR-EGFR complexes (Salazar et al., 2014; Sur and Agrawal, 2014) ; however, there are relatively few published studies of the roles of arrestins in EGF signaling, and most of these concern arrestin-3-dependent positive modulation of the EGFR by GPCRs (Tilley et al., 2009; Esposito et al., 2011; Salazar et al., 2014) . In an interesting twist, one group recently showed that arrestin-3 functions as a tumor suppressor by negatively modulating chemokine receptor-induced EGFR activation in LnCAP prostate cancer cells (Kallifatidis et al., 2016) . Although our studies show the importance of arrestins in GPCRinduced proliferation, further analysis of the role of arrestin-3 is still needed, particularly with regard to potential receptorreceptor interactions.
In summary, the results of this study suggest the provocative possibility that certain agonist-activated GPCRs function as "allosteric switches" to positively and negatively regulate the function of other receptors, including GPCRs and RTKs. This model is consistent with the known abilities of both GPCRs and RTKs to bind multiple protein partners, some of which are scaffold proteins that facilitate the formation of multiprotein complexes. The protein-protein interactions involved in the modulatory interactions remain to be determined. Finally, the data presented herein provide evidence that FFA4, LPA 1 , and arrestin-3 are all potential therapeutic targets in prostate cancer.
